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cnA]reER__-_i 

INTRODUCTION 


1.1 GENEML 

The great impetus for the study of intermetallics 
has been primarily to advance fundamental behaviour of alloy 
systems. For many years there has been the hope that long 
range ordered (LRO) alloys as a group may be industrially 
useful. In fact they are being used in many applications 
which do not require high tensile strength or resistance to 
fracture e.g. Nb^Sn as superconducting c(mipoimd, Ni^Fe as 
high magnetic permeability alloy, AuAlg as thin film Integrated 
circuit conductors, Mg^ Big as liquid semiconductors, LaNi^ as 
hydrogen absorber, NiTi as shape memory effect alloy, LiAl & 

Li^Si as battery electrodes and others* 

Intermetallics^^ ^ generally ccmte uhder the category of 
intermediate phases which occur in the intermediate composition 
regions of the equilibrium diagram. The intennediate phases are i 
broadly divided into three major groups viz. (a) Electro-chemical j 

i 

j 

compounds, (b) Size-factor ccmpounds (c) Electron compounds. The | 
term ‘compound* still persists even though many of the phases | 
do not obey valency laws of chemistry and often exist over a wide ! 
range of composition. Electrochemical compotmds have common | 

i 

features to that of salt like compounds since their compositions | 
satisfy the valency laws e.g, MggCPb, Sn, Ge or Si) like CaFg. | 
Contrary to the behaviours of salt like compound which exhibit | 
low conductivity, the ccrapound MggPb shows the normal conductivity 
whereas in MggSn a short energy gap exists resulting it to behave | 
like a semiconductor compound. 
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Size factor coeipoimds form when the atomic diameters 
of the elements differ appreciably« They are of two types 
namely interstitial and substitutional « 

When radius of the interstitial atcra is higher than 0o4i 
and less than 0*51 to that of metal atoms, then interstitial 
compounds with simple crystal structure form e,g. Hydrides, 
Borides, Carbides etc* When it is more thano«59 then distortion 
beccxnes appreciable and it results in a much more complicated 
crystal structure. 

ate size difference l.e. 20 to 305i^ 
an efficient packing is achieved and they 
are termed as Lave's Phase. They are isomorphous with the 
compounds MgCu 2 (cubic), MgNi^ (Hexagonal) or MgZn 2 (Hexagonal). 
The table (i) lists some compounds which exist in a Laves phase 
structure. 


For_intenned 
^large atcsa 
small atom 


1.2 


Table (l) Compounds which exist in a Laves Phase 
Structure 


MgCUg type 


MgNig type 

MgZn 2 type 

AgBeg 


BaMg2 

Nbco^ ; 





i 

with 

BiAn2 


Nli(Mn or Fe )2 

TaC02 \ 

excess *B 

NbCOg 


TaWQa2 

TfC02 1 

metal 

TaCOg 


Tl(Mn or Fe )2 

ZrFe2 j 


Ti(Be,C0, or 

Cr)2 

I3Ni2 



U(A1, CO, Pe 

or Mi >)2 

Zr(Cr, Ir, Mn,Re) 



Zr(C0, Fe or 

V)2 

Ru, Os or V )2 





Hume-Rothery et have pointed out that with a 

particular electron to attxa ratio (e/a) a particular structure 
will he formed and this is illustrated in Table (2), 

Table (2^ 


e/as 3/2 


e/a = -1^ 1 

e/a s 

/3 -Brass (B.C.C) 

1/3 -Manganese 
1 (complex 

1 cubic ) 

(C^P.K) 

•jjf Brass 
(complex 
cubic ) 

£ - Brass 
(C.P.h) 

(Cu; Ag or Au)Zr 


... 

(Cu,Ag or Au) 

(Cu,Ag or Au) 

CuBe 


AgZn 

(Zn or Cd)g 

(Z» or Cd )3 

(Ag or Au)Mg 

(Ag or Au)^l AgCd 

Cu^l^ 

Cu^Sn 

(Ag or Au)Cd 

Cu^Si 

Ag^l 

Cu^^SUg 

Cu^Sl 

(Cu or Ag)^l 
(CujSn or Si ) 
(Fe,CO or Ni)Al 

COZn^ 

Au^u 

(Fe,CO,Ni,Pd 
or Pt)^ ZUg^ 



Barrett and Massalski^^^ have shown how the different 
factors influence to form various crystal families of alloy 
phases through the 

The intermetallics could be long range ordered or short 
range ordered depending on the arrangement of tinlike atcxas* 






»rvcr»«t* slit d)H#f*nc* 



races'll/,';, 

crystal families of alloy phases 
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Long range order is signified by the Bragg-¥illiam 
P—r 

parameter S = 
where 


P ss the probability that an A atc«n site is occupied 
by an A atom. 


r s fraction of total sites n which are occupied by A atoms, 
S actually varies from 0 to 1 

Short range order is signified by , the Bethe’s nearest 


neighbour parameter. 


( 5 * = - — — -**■ 

%r 


q = noo of AB pairs 

q s average no, of AB pairs 
r 

q^jj = maximum no, of AB pairs 

The relationship between S and(5* is (l)(5'» 1 only if S = 1 

(ii)<r>s® 

Some cotnmonly observed ordered structures are CuZn (L2^); B,C.C, 
with CsCl type of structure. Other examples are Ag(Mg, Zn or Cd), 
AuNi, NiAl, FeAl, FeCO etc. 


F.C.C, structure with copper atoms at the 
centres of the faces and gold atoms at the corners. Other 
examples are PtCu^, (Fe or Mn)Nij, (MnFe)Ni^, Ni^l, Pt^l, 

AuCu(Ll^): It is also based on F.C.C, but alternate layers 
(OOl) are made up of Cu and Au respectively. Because of the size 
difference the lattice is distorted into tetragonal structure 
having an axial ratio c/a = 0.93« 
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Fe^l (DOj) : It is based on B.C.C. lattice but eight 
simple cells are necessary to describe the complete arrangement* 

In this structure each atom is surroimded by maximum no* of 
unlike atcHas. 

MgjCd(DO^^) : This is based on the C.P.h lattice* Other 
examples are MgCd^ and Ni^Sn* 

The intermetallics in general have very good phase 

stability, corrosion resistance, high strength both at low and 

high temperature and at the same time they are extremely brittle 

in single as well as in polycrystalline forms although exceptions 

are there e.g* NiAl^Ni^l (Single crystal forms). The brittleness 

has been explained by considering several pertinent facts^^^. 

limited number of slip systems or insufficient deformation mode, 

restricted cross slip, high Peierls Stress, a large slip vector^^^ 

(n) 

and difficulty of slip transmittal across grain boundary'^-'. 

In order for all grains of a polycrystalline material 
to undergo an arbitrary change of shape at constant volume, 
five independent slip systems must be operative in each grain^®^. 
In this manner the six independent components of strain tensor 
for isotropic material can be provided. If this condition is 
not satisfied then separation of the crystals at their interfaces 
or fracture within the crystal is inevitable, because there are 
certain directions in the crystal whichcan*t be extended or 
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ccsnpressed, A slip system is called independent if its 
operation produces a change of shape that can't he produced 
hy a combination of slip in other sys terns o Among intermetallic 
compound NiAl is the best documented example (9)« NiAl deforms 
by^lio}^OOi^. So it has only three independent slip systems* 

But above 400®C NiAl is ductile because scmie other slip systems 
get activated or dislocation climb relieve the stress concen- 
tration at grain boundaries* Another important feature of this 
alloy (iO) is that below a critical grain size (^2(^w)niore than 
40?6 tensile elongation has been obtained. Slip systems of some 
intermetallics is enlisted in the following table^^^* 

Table (3) s Some sleeted compounds crystal 
st3mctujre_and3lig_sys terns 


Ccmipound 

Structure 

Slip 

system 

Reference 

AggAl 

Hexagonal 

(0001)<1150> 

(l0jL0K1120> 

Mote-et al{6l) 

CuGe 

Hexagonal 

(0001 )<1120> 
(l0l0)<1120> 

ThtHuton (63) 

1 

AuCd 

/3 * orthorhombic 

(iio)Cooij 

i 

Bimabaum & Classic 

InSb 

Zinc blende 

(111)[110] 200- 

>500 ®C 1 



and (no) 25®C 

Abraham et al (69) 

MgCu2 

Laves ’ 

(lli)<110> 

-Lowrie (32) 

CuAttI 

Tetragonal 

(lil)<110> 

SyutSina & et al(67j 

PbTe 

NaCl 

(iio)[ooil 

Rachinger (56) j 


I 

! 
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Table (3) Contd. 


Compound 

Structure 

Slip system 

Reference 

NlAl 

-196 to 1000®C 

Single crystal 

{^li0}<001> 

Ball & Small man(6 

25 to 800 *0 

•a^O — 

{ioo}<[oo 0 

Vasilewski , Pascoe (< 

-196 to 800*C 

— d 0— 

(213]<111> & 
\ll2}<ill> 

Pascoe (66) 

AgMg 

25 - 200®C 

-d 0- 

(ll2}^lll> 

Kuriman (66) 

25®C 

Polyerystal ^123}^111^ 

Eachinger & 

Lottrel ( 56 ) 

FeCO-V 
-130 - 375 ®C 

-do- 

[l23]<lll> 

Jordon & Stoloff 
(67) 

-181 to 25®C 

-do- 

[21l}<[lll> 

-do- 

CuZn(25®C) 

(25 ®c) 

aidO- 

-do- 

(iio)<iii> 

fll0}<100> and 
^00i]<l00> 

Rachinger & Cottrei 
(56) 

Head et al ( 67 ) 

AuCd (25®C) 

-do- 

[iio}<ooi> 

Rachinger & cattrel 
(56) 

MgTl (25®C) 

a>dO— 

[iio]<ooi> 

iiB*d o«* 

AuZn 

.i4o— 

(hK0]<00i> and 
(ll2j<lll> 

Schulson ( 67 ) 

-196 to 200®C 

Single 
crys tal 

|^ii0)<O0l> 

Rachinger and 

Cottrel ( 56 ) 

(25®C) 

Poly crystal 



The second important factor i.e. restricted cross slip 
plays a dcrainant role in some intermetallics* For example in B.C.C, 
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superlattice alloy FeCO-V which deforms hy slip along ^111^, so 
there are five Independent slip systems. Yet it is brittle because 
of the inhibition of cross slip by order thought to be the actual 
mechanism (Kelly & Groves- 63) for embrittlement . Other interme- 
tallics are Ti and Pe-Si^^^^. 

The third important factor is the Peierls Stress. It has 
been found that because of the strong directional nature of 
bonding in many intermetallics , the overcoming of Peierl stress 
is thought to be the rate controlling mechanism. Although there 
is no straight forward way to determine it unambiguously to be 
the rate controlling. Nevertheless by the process of elimination 
this mechanism has been ascribed to many intermetal lies MgZn2(l3) 
NiAl, Pe and Alloys, Ta and alloys, Cuyiu^^^^ , CuAl2^^^^. 

The fourth important factor i.e. a large slip vector 
plays a Key role in the work hardening and brittleness of ordered 
alloys (6). 

The fifth factor i.e. transmittal of slip across grain 
boundaries is another important factor to which several meta- 
llurgists paid their attention. Westbrook & Wood (16) found that 
the hardness of grain boundary is greater than the bulk of 
the grain. They explained this in terms of excess Og and Ng 
absorption at the G.Bs. But they failed to explain precisely why 
the G.B*s are very resistant to spreading of plastic deformation 
But later work (17, 18, 19) suggests that the Kyvalue (Hallpetch- 
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constant) is pretty high and the Ky value increases with 
decreasing temperature. So the deformation leads to the stress 
concentration at the g.h’s and it is relieved through opening 
of a micro-crack which then propagates catastrophically. The 
higger the grain size the higher will he the amount of stress 
concentration o In fact hy decreasing grain size helow 20 /urn, 
extensive ductility in NiAl^^®^ has been achieved. 

The hirttleness of the intermetallics has been overcome 

& 

by various techniques (20). They are micr^macro alloying, micros truc- 
tural control, fiber strengthening and toughening. 


S<Mae intermetallics which have become commercially 
important frc»a the structural point of view are TiAl, Tiy^il, 

Niyil, (Fe,C0, Ni)^V. Zr^l and Bg alluminides NiAl, FeAl and 
CQAl, The oldest and most advanced developnent has taken place on 
Ti^l (Hexagonal DO^^^ structure ) and TiAl (Tetragonal Ll^ 
structure) from the usefulness point of view. They can be pre- 
pared by casting from the melt as well as by p/m technique. Some 
of them can be hot rolled and forged because of their superplastic 
behaviour. In fact they are now being tested under service 


conditions in the form of turbine blades and other gas turbine 
ctKHponents (21), One of the most outstanding intermetallics is Zr^l 
(Llg) which has excellent irradiation resistance and has been 
considered for applications in the core of nuclear power reactors. 


It has very good ccmibination of strength, corrosion resistance 
and ductility even at rocwi temperature (22), Materials on the 
basis of Ti alluminides are advantageous because of their low 



: 11 : - 


densities which lead to high specific strengths. Another 
advantage of this and other interme tallies e,g, Cu^Au, Ni^l, 
Ni^Ge, Pe^Ge, (Ni, Fe)^ GeCllg), NiAl, PeAl, COAl, CuZn, Feco - 2 V 
(Bg), Tm(Lt^^), Pey^l (DO3), MgjCdCDO^^), Ni^V Pe,B(Cl6) 


is that they show an anamolous temperature dependence of the flow 
stress. Their flow stress increases upto certain temperature and 
then decreases. The explanations which are given are many (that 
too only for Llg type) hut the well accepted one is due to Kear 
and Wilsdorf, 


The anamoly results from the anisotropy of the energy 
and mobility of superlattice screw dislocations which govern 
the plastic deformation in Llg type intermetallics. The screw 
dislocations can split on {ill} and [olo} planes. The splitting 
on (010} is favoured energetically because the energy of the 
anti-phase-boundaries (A,P,B.) between the partials is lower 
on {010} (23), However, this superlattice dislocation is sessile 
because the core spreads outside the plane of A,p,B. On the 
other hand the superlattice dislocation on (ill} with higher 
energy is glissle because the core spreading is confined to the 
slip plane ( 24 ), This glissile state is metastable since the 
partials first must be co-alesced into a single dislocation 
before cross slip to {olo} can occur. Hence dislocations are pri- 
marily generated in (ill) plane on loading and slip is confined 
to [ill] at low temperatures, With increasing temperature cross 
slip to (OiO) becomes possible by thermal activation by which 
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the dislocations are immohilised , Only at ranch higher terapera- 
the 

tures, /^dislocations are mobilised by enhanced thermal activation 
which leads to softening. 

The ductility is extremely limited in most intermetal lies 
but it has been over come by micro and macro alloying technique. 

One of the most glaring examples is the addition of 'B’ (-^500 
ppm by wt) to Ni^l. This has increased the elongation from 0^ 
to over 5096^^^ V whereas macro-alloying technique has been 
successful on CO^V, Actually CO^V brittle, hexagonal DO^^ structure 
is changed to cubic Idg structure (Fe, C0)jV, this in turn having 
higher symmetry leads to more than 409^ elongation at roewa tempera- 
ture Also this technique has been adopted for premoting 

extra slip systems in some intermetallics eog, NiAl, Ti^l etc. 

The intermetallics do have very good creep strength. Creep 
strength is increased further by macro alloying i.e, (NiAl is 
alloyed by T1 to form NigAl Ti and Ni A1 as second phase) that 
gives creep strength equivalent to that of coraraerically available 
superalloys MA.R-M200, It*s use is restricted to below 1000®C, 

But MoSig has the most outstanding creep strength and higher 
than NigAl Tl and it can be used above 1100®C, In fact MoSig is 
being used as electric heating elements (2?) for temperatures 
upto 1800 *C, 



1*2 CuAl^ 

The prime interest of studying the deformation 
behaviour of CuAlg is that this phase is used for reinforcement 
in Al-CuAlg eutectic alloy. The Al-CuAlg alloy is consideredi 
as a model system for the study of lamellar composite alloys. 

Ignat and Durand (28) studied the secondary creep behaviour 
in the temperature range of 250*C to 350®C and stresses -within 
30 MPa to 8 MPa. They observed two different creep behaviours 
both obey Dom type of relation £ = Acf® exp('”^/RT) . Below 
300®C the stress exponent (n) is 6 and Q equals to 93 KJ/mole, 

Over 300®C stress exponent (n) is 7.2 and Q equals to 220KJ/iaole. 
They concluded that below 300®C deformation in the A1 lamellae 
is the rate controlling whereas above 300®C, the deformation in 
the CuAlg lamellae is the rate controlling. 

So by studying the defonaation behaviour of CuAlg, 
rationalisation of the behaviour of composite can be done and 
also the knowledge of deformation mechanism in ccmiplex-crystal ! 

structures can be extended. Moreover, CuAlg is an ordered | 

c{»apound which maintains its order upto the melting point. It 
is one of the 40 other Cl6 compounds which has all the requisite 
properties. It may possibily be used directly as a structural 
material. Although the melting point is low but the idea or 

' i 

methodology can be applied to other Cl6 compounds (which have 
very high melting point) in particular and interaetalllcs of J 

■ , . ' . i 

other groups in general. I 
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1*2«1 Crystal Structure & Other Details 

Gniewek and ¥aslk^^^^ first studied the nature of 

bonding through the measurement of resistivity and Hall-co- 

efficient. The resistivity and Hall constants values are 6,5 

cm, + 6,9 X 10“^ cm^/c respectively. They concluded (by drawing 

analogy with other known in tenae tallies ) that positive Hall- 

constant signifies semiconductive property. Later on Zogg(30) 

measured the Knoop’s hardness on single crystal faces in 

various direction and he observed the strong directional 

nature of bonding in CuAlrt, The reported value of heat of 

(41) 

fomation is-&H^=3.2 KCali ^ 

R* 

The CuAlft is a C16 compact Laves phase with s* 

^ Kg 

1,120, the structure is body centered tetrogonal with c/a 
=: 0.8035« In other C 16 compounds c/a varies frem ,74 to ,89 
which in turn depends on electron concentration (31 )• The 

O O 

reported values a and c are 6o04A and 4,86A respectively (32 )♦ 

4 / 

The unit cell contains 4 moles ABg, The space group is I /mcm, 

18 

®4h atom positions are given by, origin at 

center (4/m ) , 

Equivalent positions (O.O.O; + 

Cu : 4 a 42 0,0, 1/4; 0,0, 

h mm x,i+x, 0; x,i^-x» 0; i+S-# x,0; , i-x,x,0 


Al; 8 
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Co-ordination Atcmi 

Neighb oiir 

C.N. 


Distance 

Cu 

( Cu 

2 


C/2 1 /2 

O UMi 


( Al 

8 

to 

>.2 „2 2 

-x) +a X + 5 ^)J 

Al 

Cu 

4 

4[a2(i-x)^+aV-|. 1^] 


Al 

1 

dj = 

2x a .2^ 


Al 

2 

«2 =1 

[2(i-2x)V. 4] 


Al 

4 

d, = 

[4x^.2 * I-] 


Al 

4 

-d=I 



In other Cl6 compounds x varies from 0.15 to 0.175. 

The Iscanetric view has been given in fig. (2a). Each Cu atom 
is surrounded by SAl atcmis and it has, in addition 2 Cu atoms 
as a neighbour at a distance of C/2 = 2.43A, 

Each A1 atom has 4 Cu atans as nearest neighbours and 
it is surrounded by a total of 11 (1+2+4+4), Other Al atcmis at 
a distance d^, d2, d^, d^ (32) respectively. The structure is 
better described Hh*gg (33) as Al atoms form two sets of mutual 
orthogonal planes with a dense packing of hexagons (honey comb 
structxare), parallel to (110) and (lli^ respectively and the 
hexagons of the different sets are fully interlocking. The 
Cu atoms are situated in the channels parallel to C-axis, which 



are formed by this interlocking honey comb structure. 

The (001) and (lio) projections of the idealised Ci6 
type structure is given in the Fig,(2b)o 

The CuAlg phase is of variable compositions 
This phase crystallizes directly from the melt (some authors 
claim that it forms peritectically The CuA-l^ has 

unique structural properties which have not been observed in 
other Cl6 ccmipounds. The stability range of CuAlg lies outside 
the exact stoichiometric composition : CuAlg is slightly defi- 
cient in Cu at all temperatures. The homogeneity at 548®C 
extends from 6? at 96 (46.4 wt to 68.05 at (47.5 wt %) 

A1 and at 400®C from 66,8 at % (46.1 wt to 67*35 at ^ (46.7 
wt jh) Al, The ideal composition of CUAI 2 66,67 at 9 S (45*9 wt %) 
A1 lies outside the homogeneity region. About the type of defects 
( 30 ) there is a lot of disagreement among several authors*. The 
phase diagram (34) is reproduced in Pig. (3 )• 

The only paper which dealt with the solid solubility 
of Cu Alg is due to Karou et al ( 36 ), They found by experiments 
(E.D.X-Ray spectrcsaetry - X-Ray diffraction etc.) that Be of 
the order of 0.8 - 2.07 wt 96 could be dissolved in Cu Alg. For 
.8 wt 96 Be the stochiometric composition would become CuAl^^^ 
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Fig. 2(b). The (001) and (110) projections of the idealized 
CIS- type structure AB 2 . The B-atoms lying in the 
(110) hexagon network are shaded to distinguish 
them from B-atoms in the (1T0) hexagon network. 
A-atoms have been given a smaller diameter. 
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Fig. 3. Phase diagram of Cu-Al alloy system . 
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1,2.2 D EFORmTI ON^^BEHA VIOUR 

(a) Elastic behaviour; This behaviour was studied by Pribourg- 
Blane et al through the measurement of elastic constants by 
Ultrasonic velocity technique and extensometric teclinique on 
single crystal of known orientation. Both the values are quite 
near to each other. Because of the higher reliability in U.V. 
technique only those values have been reproduced (37) 


= (159 + 0.3) X 10 ^ Sa 

S 44 » ( 780 + 8 )xlO“^^Pa“^ 

= ( 16 . 3 + 0.25 )xiO^^Pa 

(707+6 )xlO^^Pa*"^ 

13 = (5.0+0.25 )xlO^®Pa 

S 4 J = (- 156 + 0.4 )xlO"’^'*Pa“ 

12 = (6.3+0.25 )xl0^Sa 

®12 * (-261+0.9 )xlO“^^Pa” 

s (2.90+0.02 )xl0^®Pa 

S44 s ( 3450+2 0 )xl 0 '“^'^Pa"‘^ 

= (4,60+O.0l)xl0^^Pa 

^66 * (2174+2 )xl0“^Sa“'^ 


They also calculated the Young's Modulus j poisson's ratio and 

lo 

they are 10.6 x 10 Pa and 0.31 respectively. 

This value agreed well with the reported value of (9«83xlO Pa) 
Gabarat et al (38) on polycrystalline specimen. 
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plastic Deformation Behaviour The slip systems of Ca-Mg 
single crystal were studied hy Kirsten (39) in 1962 <, He 
observed (llo) ^OOl^ as the primary slip mode although (ill), 

(iio) and (101) were also observed by him. Later on Ignat and 
Durand (40) studied the slip system of single crystals under 
compression creep behaviour in the temperature range of 400®C-450®C 

O 

and under the stresses from 10 to 40 MN/m . with the considera- 
tion of lattice densities and experimental results, they put 
forwai'd the following slip systems i. 

‘planes [llo] with direction <(00O or <^111^ 

‘planes [200} with direction <^001^ 

‘planes {112} with direction 

Petty (41 ) first studied the plastic deformation behaviour 
in terms of hot hardness. He observed the inflection in l-.-'-rdness 
Vs temperature at 300®C. Above this temperature, the hardness comes 
doim drastically. Later on Dey and Tyson (15) studied the 
plastic deformation behaviour on polycrystals both in tension 
and ■ ■ compression. They observed appreciable ductility at 0.8 
Tm I^Tm s melting point} . i.e, at 418®C. The above authors also 
observed a strong temperature dependency of flow stress. Above 
450®C they observed a deviation from linearity. They also 
measured the activation parameters through strain rate change 
of test and stress relaxation technique. The original diagrams 



are reproduced in Fig, (4 ), From the measured values, they 
concluded (ignoring diffusion and shear modulus change with 
temperature) that at lower temperature regime over-ccming of 
Peierls stress is , rate controlling. Nevertheless at high 
tempera tui'e they did not rule out the possibility of dislocation 
climb as rate controlling* 

Then Sdhraidt and ^ifhitley (42) during their study 
on lamellar Al-CuAlg composite, they measured the stress expo- 
nent value separately on CuAlg. The n value is 4,5* The creep 

- 4 , 

rate of CuAlg falls in a steep manner from iO /sec* at 400®C 
to 10“®/sec at 325 ‘’C* 



aominci stress (kpfmm^) 
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Fig. 4. (a) Stress - strain curves under compression (i=ld'^s~^). 

Inset shows results for a tension specimen . 

(b) Variation of flow stress with temperature 

Inset shows the ultimate compression strength. 




Fig. 4 (c) Activation volume as a function of applied stress for CUAI 2 - 

(d) Strain rate sensitivity and activation enthalpy as a function 
of temperature for CUAI 2 • 
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In recent years the emerging technology has seen 
a rapid development of new high strength materials*. In the 
process of exploring high strength materials, It has been 
observed that intenaetallic compounds have many outstanding 
properties compared to metals and alloys. However, their 
brittleness has caused a big barrier in using them as struc- 
tural materials. Nevertheless this problem has been overcome 
in some intermetallics. The polycrystalline brittleness has 
been ascribed to high Peierl stress, restricted cross slip, 
a large slip vector, limited number of slip systems and diffi- 
culty of transmittal of slip across grain boundaries* However, 
before polycrystalline ductility can be improved, it is nece- 
ssary to note whether single crystals of the same are ductile 
or not* 


Firstly, the single crystal ductility and the effect 
of temperature on it have been investigated in this study. 
Secondly, the effect of grain size on the ductile brittle 
transition temperature has been studied, ^’urther, the effect of 
introducing mobile dislocations through a small amount of pre- 
strain at an appropriate temperature has been explored. Finally 
an attempt has been made to Identify the flow mechanism by 
assessing the thermally activated flow behaviour. It is of 
interest to understand the factors affecting the ductile-brittle 
transition in order to overcome their brittleness and thereby 
utilize them as structural materials. 
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CHAPTER_-__II 

(a) Alloy Preparation ; 

In the present investigation the Cu-^1 alloy of 
ncaninal composition 53«5 wt ^ Cu and 46*5 wt 96 A1 was prepared 
by making use of Cu and Al both of 99 •9$^ purity* These metals 
were melted in a vacuum induction furnace in a high purity 

I 

graphite split mould (fig* 5a) under a vacuum better than 2xto‘’' 
Torr* The alloy so obtained was crushed into small chunks and 
remelted making use of the mould b (fig* 5b)* In this manner 
six rods of 7 imn dia and 8 cm length were obtained* Two batches 
of alloys and rods were prepared and their chemical analysis 
indicated the compositions as 53«8 wt ^ Cu (batch i) and 53 *2 
wt % Cu (batch 2 ), 

The powder frcm each batch was also analysed by X-Ray 
powder diffraction method* The intensity versus angle data are 
presented in Fig* (6) and the peaks were indexed making use of 
ASTM data file for CuAlg. 

In addition to the as cast condition, single crystal 
and P/m (powder metallurgy) specimens were also prepared for 
subsequent mechanical testing* 
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) Preparation of single crystals 

Some of the cast rods were fitted In another graphite 
split mould (fig, 5c) and single crystals were grown by Bridgeraan 
technique under a vacuum of 10” Torr, In this set-up, the furnace 
was stationary while the crucible was lowered into the furnace at 
a rate ranging from 0,75 cm/hr, to 1.75 cm/hr. The photograph of 
the apparatus is given in flg,(7)* 

The rods so obtained were examined for grain boundaries, 
if any by macro-etching with FeCl^ etchant, Laue back reflection 
technique was employed to confirm the absence of grain boundaries. 
However, the Lane photographs were not indexed for orientation 
determination, A Laue photograph is shown in Fig, (8), 

(c ) Processing details of powder metallurgy (P/m) 

In order to obtain a very fine grain size, the P/m 
technique was adopted. First the cast ingot was broken into 
small pieces (below 3 mm size) in an agate crucible. Then these 
chirnks were transferred to the Ball mill. The balls (lO mm dla) 
were made off tungsten carbide. The ball weight to feed weight 
was chosen as 4. After 24 hours of grinding in acetone mediian, 
the powder was taken out by decanting the vessel in a beaker 
and then heated at 100*C for 2 hours in an oven. The particle 
size analysis was carried out on a sample of powder and the size 
analysis is shown in the form of a bar chart Fig, (9), The powder 
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Fig. 9. Bar chart of wt Vo vs particle size of the 
CUAI 2 powder prepared by ball milling. 
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was hot compacted making use of a graphite die. The photograph 
of the whole hot compaction set-up is given in Figo(iO). 

In order to assess the porosity, the density was 
measured by Xyline impregnation method. The density of various 
specimens was in the range of 959^ to 99?^ of the theoretical 
density (4,34 gm/cc), 

(d ) Ctwapresslon specimen preparation 

Cast and single crystal cylindrical specimens 
(dia 7 mm, ht. 7,7 to 8,0 mm) were prepared for ccwnpression 
testing using a diamond (automated Bueheler CO) saw. The cut 
surfaces of the specimens were lightly ground and polished to 
obtain smooth and parallel surfaces. Since the P/m specimens 
were already in the required size for compression testing their 
top and bottom surfaces were ground and polished, 

(e ) Metallography 

The metallographic specimen preparation involved 
standard procedures of grinding and polishing followed by 
electrolytic polishing and electrolytic etching. The following 
conditions were employed : 

(1) electrolyte ; solution of HNO^ and CH^OH in i:2 

proportion 

(2) Cathode ; stainless steel 

(3) Voltage : 1-2 volts 

(4) temperature ; 0®C 




The grain size measurement was done by linear 
intercept technique. These values have been reported with the 
micrograph. 


All the tests were performed on an M.T.S, m/c with 
specially prepared compression Jig (Fig, (11)), The compression 
test was carried out in the temperature range of 275 ®C to 575 ®C 
with the help of a resistance furnace. The temperature was con- 
trolled with three thermocouples kept very close to the sample. 
The tempera tnre was controlled within +.2*0 from the required 
test temperature. The tests were carried out in stroke control 
mode. The end friction between the specimen and platen was 
minimised by making use of AlgO^ (1 jm) powder as lubricant. 

In the course of our investigations, mainly three types of 
tests were performed, namely constant cross head speed, change 
of temperature at constant cross head speed and change of cross 
head speed at a given temperature, 

(a ) Constant cross head speed test 

This type of test was done on a saiaple upto fracture 
in order to assess the ductility and flow curve at each tempera- 
ture, The strain rate is given by the following expression ; 

- - TT" ^ where is the gauge length 

of the test specimen. 
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Noting that = 8 mm and g s 5x1 o“^ sec"^, the time needed for 
10 ram displacement is 2,5 x 10^ sec* This time is set in rate 
meter I of the MTS machine hy manual operation in order to obtain 
a strain rate of 5x10“ sec“ « The range of temperature in which 
this type of test was done is 325 ®C to 575®Co 

(h ) Change of temperature test at constant cross head speed 

The flow stress variation with temperature was assessed 
by this type of test* In this test, a specimen is deformed first 
at 575®C upto a small plastic strain {<1?^) and then the tempera- 
ture is successively lorfered and the same kind of test is 
repeated on the same sample upto a lower temperature of 325®C* A 
temperature interval of 25®C is chosen for this purpose. Each 
time the test is started after a period of 10 minutes following 
the temperature stabilization* 

(c ) Change of cross head speed test 

Under this category two different types of test were 
done, namely single cross head speed change and multiple cross 
head speed change* 

(i) Single cross head speed change i- This type of 
test was done for obtaining data of activation 
volume, deformation activation energy and strain 
rate sensitivity* The starting temperature was 
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575®C for each type of specimerio The specimen is deformed 
to a small plastic strain ( 1^), then the cross head speed 
is changed by a factor of 10 i.e. from = 5 xlO"^ sec"^ to 
5 X 10 sec • After a small amount of plastic strain 

) at the second strain rate the specimen was unloaded 
and the temperature was set for next lovv^er temperature o 
This type of test was repeated upto 325®Ce The strain 
rate change test was also performed at various strain levels 
on single crystal and P/m specimens at different temperatures o 

(ii) Multiple across head speed change : In order to 
determine the stress exponent (n), this type of test was 
performed® The cross head speed was changed in steps of a 
factor of 10 on a single specimen after about 0o5^ plastic 
strain. This test was performed in the increasing order 

—5 

of cross head speed, covering a strain rate range of 5x10 

—1 —2 —1 

sec to 5 X 10 sec , This type of test was carried out 
at 475®C and 575 **C on single crystal and P/m specimens. 
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Experimental results are divided into two broad 
sections, dealing with ductility and flow curve on the one 
hand and identification of flow mechanism through the calcu- 
lation of activation parameters on the other. The factors 
considered for this purpose are (i) the effect of grain size 
variation, (ii) the nature of the boundaries and (iii) mobile 
dislocations . 

5*1 

3.1.1 EFFECT OF GRAIN SIZE 

Widely different grain sizes were obtained through 
processing. These include single crystals, specimens in the 
as cast condition and specimens processed by P/m route. In 
addition to these categories, other grain sizes were obtained 
through recrystallization of initially single crystals and 
also the cast specimens. In order to recrystallize the specimens, 
they were subjected to a prestrain of about 105^^ at 575®C. Thus 
the specimens with various grain sizes were tested at a constant 
cross head speed at various temperatures in order to assess the 
flow curves and ductility. 

The micro structures of the specimens were also examined 
by the optical microscopy before and after the testing to see 
the effect of testing conditions on microstructural stability. A 
minor grain growth was noticed in P/m samples (Pig.(17)), whereas 



both cast and single crystal specimens have undergone a consi- 
derable change through recrystallization. Although no systematic 
study was done in this regard Fig. (i^) to fig. (i6) Indicate 
that after deformation the grain size had changed. Also single 
crystals did not remain as single crystals Fig. (15) especially 
when defonned at 575 *C. This fact was utilised to study the effect 
of fresh boundaries arising frraa recrystallization on strength 
and ductility. Actually both cast and single crystal specimens 
were deformed at 575®C to 105^ strain - Fig, (12), (14) & (15) show 
that new grains (78 um,l09,tia,80 um) were formed after this treatment, 
on cast and single crystal specimens respectively alter 10?^ strain. 
Fig. (19) shows the effect of grain size variation on stress-strain 
curves at different temperatures. Initially there is some strain 
hardening followed by strain softening. The cast and single crystal 
specimens have extensive strain softening region, whereas in P/m 
very minor amount of strain softening is observed. But the degree 
of work hardening in P/m specimen is more ccmpared to other two 
types. At all temperatures, the strength of P/m specimens is the 
highest among all. 

The onset of ductility can be assessed from the plot 

(Pig ,20) 

of fracture strain versus temperatur^. Both single and p/m specimens 
are brittle upto 375®C after which the fracture strain increases 
rapidly. In the cast specimen the brittle-ductile transition takes 
place at 400®C. However, the ductility of P/m specimens at 575®C 
and 525®C is lower than that of as cast and single crystal specimens. 
The P/m specimens fractured in shear mode all three temperatures 
after extensive deformation — Fig, (18), 
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Fig. 20. Fracture strain vs temperature diagram 
of various samples ( € = 5 xIO^^s”^). 
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OF BOUNDARIES 

To study the effect of change in boundary structure 
both single crystal and as cast specimens were deformed at 
575*C to a 10?^ plastic strain level and the structure was 
examined. The fig,(l^) to Fig, (i6) suggest that extensive 
recrystallization has taken place. Then these recrystallized 
specimens were tested at other temperatures and their flow 
behaviour is compared with others. 


The recrystallized specimens failed in a brittle 
manner at 375®C whereas at 420®C, the specimens 
of the same kind imdergo extensive deformation. 

At 450®C and at 525*C, the as cast specimen has 
higher yield stress although at 525 ®C they are 
pretty close to each other, In terms of ductility 
the as cast specimen has higher amount both at 
450®C and 525®C, It is seen that strain softening 
occurs in all cases(pig,21 ), 


jrys taj 


versus recrystallized 


The single crystal fails in a brittle manner upto 
375®C, Nevertheless at 425®C a lot of ductility 
is apparent in the fig. (22). The single crystal at 
all temperatures shows a small work hardening portion, 
whereas it is absent in the recrystallized specimen. 



350 — o As cast 

• Recrystallised 
[Cast prestrained (10 %) 
300 1- at 575 “cl 
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Fig 22. True stress vs true plastic strain diagram of the single 
crystal and recrystallised specimens tested at different 
temperatures (€ = 5x10 ^). 
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Both types of sample show considerable amount 
of strain softening. The yield strength of recrys- 
tallized specimen is higher at all temperatures 
(425*C, 475‘*C, 525®C) other than 575®C, Based on 
the observation of edge cracking tendency of both 
types of samples, it is worth mentioning that at 
575®C the single crystal has a higher ductility. 
Nevertheless at test temperatures of 425 and 475 ®C 
the single crystal has higher ductility. At 575®C 
the recrystallized specimen fractured in shear mode 
as shown in Fig, (is ), 

3*1*3 Effect of introduction of mobile dislocations 

To study this effect the following method was 
adopted. Both single as well as cast specimens were deformed 
to a strain at 475*C, Then microstructure of both type of 
samples were examined by optical microscopy. There was no 
evidence of recrystallization as a consequence of the above 
treatment. Then both the types of specimens were tested at 
lower temperatures. The data on as cast specimens are compared 
with the same, following the prestrain and single crystals are 
ccKapared with single ciystals after prestrain, 

3.1.3(a) Comparison of single crystal with and without pre strain 

Pig, (23) shows typical <f-£ curves illustrating the 
effect of pre-strain. The single crystals are found to be brittle 
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True strain 


Fig. 23. True stress vs true plostic strain diagram of 

single crystal specimens (6= 5xl0"^s”^) at different 
temperatures . 
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upto 375®C whereas 4?^ ductility has been achieved in the pre— 
strained specimen at the same temperature. Also the brittle 
fracture stress of the prestrained specimen is higher at test 
temperatures of 325®C and 375®C. However, at 425*C, the yield 
stress is same in both types of specimens « 

3»1*3(^) Comparison of Cast Specimen with and without 
Prestrain 

Fig, (24) shows typical curves illustrating the 
effect of prestrain. Because of the limited data, the ccsaparison 
can be made only at 425®C. At 425*C ductility of the order of 
2 0 59^ is apparent frcm the figure whereas 19^ ductility is 
achieved through prestraining. Moreover at 325®C, 15^ ductility 
has been achieved in the prestrained specimen. The cast specimen 
falls in a brittle manner at 400®C, At 375®C, the prestrained 
specimen shows extensive ductility of the order of 17,5?^« The 
yield strength can be compared only at one temperature i,e, 425*C, 
The prestrained specimen has much higher yield strength compared 
to its counterpart at the same temperature, 

3,1,4 The Effect of Temperature on flow stress of 

various specimens 

Fig, (25) shows a typical flow stress versus temperature 
plot of various samples. It is seen that at a particular 
temperature, the P/m specimen has the highest and single crystal 
has the lowest flow stress. Flow stress changes almost linearly 
in all four kinds of samples with temperature. 
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Fig. 24. True stress vs true plastic strain diagram of as cast 
specimens (€ = 5x10~^s“^) at different temperatures. 
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3ol.5 The Effect of Te mperature as well as Grain size 
vart^lon 

It is well known that above ,5 Tm (Tm ss melting points) 
the diffusion plays a prcsainent role in metals and alloys. 
Further, finer grain size leads to a lower strength compared 
to coarser grain size at elevated temperatures. On the other 
hand, flow stress increases with decreasing grain size at lower 
temperatures , 

Fig •( 26 ) shows that as the grain size decreases the 
flow stress increases and the trend continues from 400®C to 
575®C which is close to the melting point (M/p. 591 ®C), Mo re over, 
the slope is almost constant over the whole temperature range. 


3.1.6 SUMMARY 

(1) The ductile-brittle transition temperature of as 
cast CuAlg is 400®C, whereas it is 375®C for P/m 
and single crystal specimens. No systematic grain 
size effect can he inferred frcmi these observations. 
Also ductile brittle transition temperature of as 
cast material is 400®C, whereas recrystallized 
specimens exhibited transition temperature of 375®C, 


(2) Work hardening tendency and yield stress are highest 
in p/m specimens over the whole temperature range, 

I; A I ’ r ’ ^ 
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(3) The ductility of P/m specimens is the lowest 
at 50OOC and 575 ®C. 

(4) At temperatures 425®C, 500 *C and 575 “C, the P/m 
specimens fractured in shear mode after extensive 
deformation whereas both the single crystal and 
as cast specimens failed by edge crackingo 

(5) The specimens recrystallized starting from single 
crystals fractured in shear mode at 575®C and 
525®C. 

(6) The as-cast specimen has higher ductility and 
yield strength both at 450®C and 525®C, compared 
to its coimters part, 

(7) The yield strength of recrystallized specimen 
(single crystal prestrained (iO^) at 575®C) is 

higher at all temperatures compared to its counter- 
part, 

(8) The ductile-brittle transition temperature is 
lowered as a result of introducing mobile dislocation 
In single crystals, 

(9) The ductile-brittle transition temperature is 
lowered to 325®C as a result of introducing mobile 
dislocations into the cast specimens whereas it is 
400®C for the as cast condition. 
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(10) Flow stress changes alreost linearly with 
temperature in all types of samples. At a parti- 
cular temperature, the P/m specimens have the 
highest flow stress while single crystal has the 
lowest. This trend is observed over the whole 
temperature range. 

(11) Hall-Petch relation is found to he valid over the 
whole temperature range upto 575 ®C, 

3,2 . r 

Plastic deformation is the consequence of the movement 
of dislocations through the crystal lattice. The fact that 
significant stress is needed to induce plasticity implies that 
the dislocations encounter obstacles. The temperature dependence 
of the yield stress in metals suggests that thermal fluctuations 
can supply energy to assist the motion of the dislocations past 
the obstacles. Plastic deformation of crystalline solids is 
considered to be thermally activated. The obstacles are of two 
types (a) short range ex-forces due to forest dislocations, 
assymetric point defects, Peierls-Nabarro barrier i.e, alternate 
low and high energy configuration of dislocation core, (b) long- 
range forces due to dislocations on parallel slip planes, grain 
boundaries, large second phase particles etc. 
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The interaction force increases rapidly in case of 
short range obstacles and effective over a small area of slip 
plane whereas the interaction force changes slowly with the 
position of the dislocation and it is not very sensitive to 
tempera ture* 

In general both types of obstacles are present in 

the lattice and the applied stress (C) is given by d' = (T., + C* 

where ss Athemal component of flow stress and 6 *- thermal 

component of flow stress* The plastic strain rate is given by 

e s pbv ( i), where | *= true plastic strain rate* 

P = density of mobile dislocations 

b = Burger *s vector 

V = the average velocity of 
dislocations* 

Since the motion of dislocations past obstacles is thenaally 
activated , 

I = 6*0 ®xp - (^) (2) 

where c =* NAb-9 , G* = Gibb’s free energy of activation, 

K ss Boltzmann constant, 

T = temperature in absolute scale, 

N s= number of activation sites per imit volume, 

A ss area swept out per successful fluctuations 

p ss mobile dislocation density, 

♦b 

ss frequency factor = r- — 


and b ss Burger’s vector* 
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The exponential tera arises from {where, 

t 

the fact that the velocity of a disloca- | ^ 

tion will be limited by the probability | 

that a dislocation will successfully over^ 

1 

come an obstacle imder the externally { 
applied stress when thermally activated. 

Equation (2) is the general expression 
for the low temperature thermally activated 
plastic flow of crystalline solids and its 
applicability is independent of any specific 
deformation mechanism. 


D ss Debye frequency 

L * length of dislo- 
cation involved 
in activation. 


The equation (2) can be written as - 
6 * ^0 exp,- vg”"5p"” ) 

where H is enthalpy and S is entropy of activation : 
or, 

E = £, ( I )• exp-{-^) 

or g = i'o exp - (-|p) 

• .f jg 

where | * e*© 

So, 

• t 

H « KT In (3) 

hence apparent activation energy varies linearly with temperature, 

'* ■ 

Application of an effective stress <?■ moves the dislocation 

*■ * ' 

up the barrier to a position x^, under a force F = (y.b,! 
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To move to a position X 2 » the dislocation 
has to traverse a distance d*. So the energy 
needed for that purpose is the H. 


* * 


So H = work done hy applied stress = (J h d .L 


# a- 

where, V s hd ,L = activation volume, 


* 

- V . (T 


..(4) 


* * 

d s= harrier width, L = length of the dislocation 

involved in the activation, 


So V 


h (5) 


' ^.2.iJEvaluation of the Activation volume 
From eq*(3)« In £ =dn 

“W 

Comhining (3) and (5) 

V* = KT [ in t. 


• * 

If is constant 


then V* KT(-™^-)^ cs Kt ^ ) 

L 


or, KT 


(5a) 


Thus the effect of sudden change in £ on flow stress 

/ * \ 

at a given test temperature would yield activation volume (V ), 

V 

The activation volume data thus calculated are presented in 
Fig, (27). It Is seen from Fig. (27) that V* is sensitive neither 
to temperature nor to the grain size. Pig. (28) also suggests 
that V* does not vary with plastic strain. 
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Fig. 27. Activation volume vs temperature diagram for various 
samples (b = atom size). 
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3,2 «2 _Evaluation of Apparent activation energy (H) 


C(Mil)ining eqn,(3) and (4), we have 

o • 

H - V* (T* = KT In 


( 6 ) 


differentiating equation (6) with respect to T for constant 


* a<5-* ! 


V". =K In^o 

dT I • 


I 


K in (|2-) 

* t 

V = - ■ — 


r“ 


'W 


(7) 


From equation 5(a) and (7) i 

.am £ . • 

V = KT = - K 


• o 


In 8 


. * 

jL ( ~7 ' " ” ) 


£o V 


“ST" 
aine 


•£ 


or In s «. T o ♦ o ♦ • o • (8) 


Substituting equation (8) in equation (3) 


H . - .(-^) {^), 


3ln i 

" ^ ^ 


or, H = - T. (KT. 


• ^o^ 

or^ H =s — T # V ^ o * • © • ♦ • • • ♦ \9 / 
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Thus the apparent activation energy H can be calculated 

* * 

from V and the slope of (T vs T curve at a given temperature. 

The activation energy thus calculated is plotted as 
a function of temperature for various specimens (Fig. 29 ), It is 
seen that H varies linearly with temperature and at any parti- 
cular temperature the P/m specimen has the highest activation 
energy. 



Plots of flow stress versus strain rate obtained 
by the strain rate change test are shown in Fig, (31), Only two 
temperatures (475 ®C and 575®C) were chosen for' this purpose. 
Moreover, these tests were performed on single crystal and P/m 
specimens. The stress exponent (n) value is calculated from 



500 550 600 650 700 750 800 850 900 

Temperature (K) 

Fig. 29. Apparent activation energy vs temperature diagram 
of various specimens. 
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Fig. 31. Plot of strain rate vs stress at elevated 
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the slope of double logarithmic plots » The deformation acti- 
vation energy (q) was also calculated using the Dorn equation 
for high temperature creep considering the data at constant 
strain rate. 

g = K (5^ exp - (gS-.) (12) 

The value for P/m sample is estimated as 5*38 eV, 



CHA-pTER lY 


SION 

The discussion concerning the ductility and strength 
of single crystals versus polycrystals and identification of 
flow mechanism will he considered* 

^ ^ ^STRENGTH 

Frcsn the figure (20)f it is apparent that the brittle 
ductile transition temperature is 375®Co In this connection 
the work of Kirsten (39) on single crystal ductility of CUAI2 
Blight he mentioned for comparison. Kirsten found that cleavage 
faces of CuAlg deformed at 400 ®C showed asterism in the Laue 
pattern which signified some deformation at 400®C. He observed 
that above 500 ®C CuAlg deformed plastically. 

In agreement with our results, Ignat and Durand (40 ) 

studied the slip system of single crystals under compression 

creep behaviour in the temperature range of 400*C to 450®C and 

2 

at stresses from 10 to 40 MN/m through slip trace technique* 
It can thus he inferred that at 400®C the single crystals are 
ductile* 

The transition frc» brittle to ductile behaviour as 
the temperature is increased can be expected when the yield 
stress is lower than the fracture stress.This can arise due 
to strong temperature sensitivity of the yield stress* 



The stress strain curves (Fig. 19 ) show initial rise in flow 
stress followed by a drop with increasing strain. The initial increase 
in flow stress (strain hardening) is attributable to rise in dislocation 
density on loading. This strain hardening effect continues for a short 
strain interval and recovei'y processes set in quickly due to high 
temperature of testing. The subsequent drop in stress is attributable 
to the continuing recovery of the initial high density dislocation 
structure till the material attains a stable structure through poly- 
gonization or recrystallization. Once the structure is stabilized the 
flow continues at a constant stress level provided fracture does not 
set in and interfere with steady state flow. 

4.1,2 POLYCRYSTAIS 

The B.D.T. temperature of P/m specimens is 375®C, whereas for 
cast specimens, it is 400®C. ¥e may mention here some previous obser- 
vations on CUAI 2 for c«nparison, Dey & Tyson^^^^ found that polycrys- 
talline CfuAl 2 deformed above 400®C under compressive load and above 
450®C under dynamic tensile load. 

The p/m specimens have the highest strength and work hardening 
capacity over the whole temperature range. These can be ascribed to its 
smallest grain size and high capacity of dislocation accumulation. 

4.1.3. Cd’fPARI SON_ OF^SINGI£^CRYSTAL^^D^POLYCR^TA MNE^^BEHAVIOTO 

Both single crystal and P/m specimens have the same B.D.T, 
temperature despite the extreme variation in their grain size. Prom 
this observation, it can be Inferred that above 375®C the desired five 
independent slip systems are there for polycrystalline ductility* Also 
the grain size variation does not seem to play any role in shifting 
the transition temperature.. 



68 


However, the B.D.T, temperatures for as cast (400®C) 
and single crystal specimens (375®C) are different. The plausible 
reason could be due to the grain boundary segregation #iich may 
lead to embrittlement. 

But considering all the three together one can say that 
there is no systematic change in B,D,T. temperature with grain 
size variation. But it can also be inferred that the extent of 
sensitivity of B.D.T, temperature with grain size variation is 
very low. 

In general, it is found that single crystals have lower 
strength when compared to polycrystals over the whole temperature 
range. This is normal due to the grain boundary strengthening 
effect over the whole temperature range. However, a few exceptions 
in this regard could be due to orientation differences, as no 
attempt has been made to fix the orientation of all single crystal 
specimens, in this study, 

4,1,4 SfWi‘L.P£ESTRAINING^^^2_EFPECT 

The B.D.T, temperature is lowered significantly on pre- 
straining the single ciystal and as-cast specimens. The increase 
in mobile dislocation density seems to be responsible for this 
effect, It is interesting to note that both the strength and 
ductility are simultaneously increased by increasing the mobile 
dislocation density. 
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mechanism 


The low temperature deformation "behaviour of metals 
and alloys is generally interpreted as a consequence of either 
interaction of dislocations with defects or lattice frictional 
stress .The common thermally activated mechanism and their 
characteristics are shown in Table (a) (43). 


Tab le (a ) 
Mechanism 


Magnified of 
V* 


Characteristics 


Peierls- 

Nabarro 




V independent of strain, is 


related to the energy required to 
nucleate a double kink 


Forest - 
dislocations 


lo^-ioS^ 


V decreases, and Z increases with 


strain as forest dislocation density 
increases 


The motion 
of jogs in 
screw dislo- 
cation 


10 - 10 ^^ 


equals self diffusion energy, V 


depends on strain as thermal jog spacing 
increases, or intersection jog spacing 
increases. 


Point defect 
drag 


[-10^^ 


given by migration energy of point 


o 

defect. 


Point defect ? 1-iO^b^ 


interaction 


V is related to concentration of^point 
defect controlling deformation. V 
may depend on strain. 


Cross slip 03 
screw dislo- 
cation 


10 - 10 ^^ 


Often rate controlling for extended 
dislocation, H includes a construction 
term. 


Climb of 
edge dislo- 
cation 


lb- 


H_ equals self diifusion energy. 


where n « 4.5, 


Contd . . . .2 
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Table (a) Cont(3,,o 


Mechanism 


Grain boun- 
dary sli- 
ding 


Diffusion 

creep 


Magnified 

* 

V 


of 



Characteristics 



®o self diffusion energy* 


VoCr J Hq equals self diffusion energy 
or grain boundary self -diffu- 
sion energy* 


It is well known that the strong temperature dependence of b.c.c* 

metals is due to high Peierl-Nabarro stress Considering the 

movement of dislocations, the bond angles between the atoms in the core 

of the dislocation change and consequently the core energy changes as 

the dislocation moves* Such changes in the core energy are expected to 

be greatest for covalently bonded crystal such as Ge, Si etc. For which 

the bond energy changes rapidly with bond angles, and least for f*c*e, 

metals which have metallic binding* Coul(xnbic interactions in ionic 

crystals suggest that they may exhibit intermediate changes in dlslo- 

(46) 

cation core energy upon motion of the dislocations *have their least 


Thus dislocations have their least energy when they lie in valleys 
parallel to close packed rows of atoms* The stress necessary to move 
dislocation from one valley to next valley at 0®K is the Peierl-Nabarro 
stress. ¥hen a dislocation is lying in a valley, the core energy is 
given by E^^sO.5 Gb^ where G = shear modulus, b = Burgers vector and 
at the top of the hill dislocation line energy is E^. Although several 
type of shapes of Peierls hill have been found through computer simu- 
lation technique based on two-atom Morse-type of potential. But for 
simplicity *s sake the sinusoidal shape has been assumed* At 
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any intermediate position, the line energy s 

- E. 


E(y) « ^4^0 


~ Cos 2A y/a (i) 


where a is the distance between close packed rows of atoms 
on the slip plane. When part of a dislocation crosses over 
the hill frcra one valley to next valley, it is said to be 
kinked. The increase in energy of a kinked dislocation above 
that of a dislocation that lies execlusively valley 

is known as the kink energy (Cn), The TM was calculated by 
Dom and Guyot^^^)^ It is given as 


U = RT In 

2 w^l. 


( 2 ) 


where p = dislocation density, L * dislocation length, 
a s: mean distance between valleys, b s Burgers vector, 
w = width of the kink separation, * s strain rate, 

T = absolute temperature, R s Universal gas constant, and 
-9 =s Debye frequency. Actually during the motion of a dislo- 
cation from one valley to the next one, there are two steps. 
The first one is the nucleation of pair of kinks and the 
second one is the separation of the kinks. I* considered 
that the fomiation of a double kink is the more difficult 
process than their separation. Thus double kint nucleation 
Is the rate controlling process. 

The interesting feature of the equai^*^^ (2) is that 
Ifti varies linearly with temperature. As It is ®entioned in 
the table that V* will not vary with strain since in Peierls 
mechanism the linear obstacles controls the dislocation move- 
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meat , So whatever be the density of dislocations, it will not 
in any way alter the nature of the linear obstacles, since it 
is the inherent lattice characteristic of the material. 

In our investigations, we have found a strong 
temperature dependence of flow stress (fig, 25)* (ii) ^ does 
not change with strain (fig*(28))(iii) H varies linearly with 
t empera ture , Pig , (29 ) , 

Thus it can be inferred that Peierls-Nabarro mechanism 
is the rate controlling process in the plastic deformation of 
CuAlg Intermetallic. 

Moreover, with similar approach, the same mechanism 
has been established in other systems e.g. B.c.Co metals at 
cryogenic temperatures, H.c.p. metals, alloys, intermetallics 
in non-basal slip, B2 (NUl), Ll^ inteimetallics 

Cuyiu (14), Pty^l (49) and ionic solid NaCl (50), CaP2(48) etc. 

The H end V* essocieted with the plestlc defor— 

nation ot MgZn^ (13) are 2 aV and 271>’ respectively and that the 
deloreatlon has been explainea In teres of Peierls-Nabarro 
mechanism. Moreover, the prevlons observation on CuAl^ by Dey 
and Tyson (15) compares favourably «ith the results of this 

tr <=!mall V values are undoubtedly due to 
study. The large H and sm^ix 

_ , as+nicture and probably due to directional 

complexity of crystal structuxe >. y j 

' ^ t. All +nese evidences conclusively prove that 

nature of bonding. All 

^ 4. -.14 „ wo^nanism is the Peierls-Nabarro type. One 

the rate controlling ^ 
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of the most striking observations in our CuAlg intermetallics 
is the applicability of Peierls mechanism upto 575®C (o*98Tm), 

If the flow stress of single crystal and polycrystal 
is compared at a given temperature, it may be noted that there 
is a grain size strengthening effect in addition to the lattice 
frictional stress* Thus the flow stress of a polycrystalline 
specimen at a given temperature can be considered as the sum 
of lattice frictional stress and grain size contribution. From 
the nature of observed flow stress variation in polycrystalline 
specimens with temperature, it appears that the grain size 
strengthening effect is essentially in the form of change in 
athermal component of flow stress. Further, the grain size 
strengthening is found to be represented by Hall-Petch relation. 
Vhat is surprising in this regard is that the Hall-Petch relation 
is valid upto .98 Tm, This is contrary to the usual observations 
on metals in which grain size weakening effect occurs above 0*5 Ite 
in general. This strength retention of the grain boundaries at 
high temperatures may possibly be arising frcsa the nature of 
grain boundaries and their structure in CuAlg. Thus while the 
dominance of Peierls mechanism continues upto q. 98 Ita specially 
for P/m sample, the grain size strengthening is also retained 
simultaneously. 

However, while the P/m sample has almost the same 
stress exponent both at 475*C and 575®C, the different stress 
exponent values of the single crystal suggest a change of ^^^ 
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mechanism at temperatures close to the melting point. In view 
of the high activation energy for flow compared to the inter- 
diffusional activation energy identification of the very high 
temperature flow mechanism in single crystals is, hoi^ever, not 
possible on the basis of present observations. 

Further it may also be noted that the interdiffusional 
activation energy (I.32 eV) of CuAl^^^O) significantly smaller 
than the activation energy for deformation (e.g. 4 eV at 525®C). 
Thus diffusion does not seem to be important in the context of 
Operative deformation mechanism even at temperatures close to 
the melting point (0,98 Tm) of Cu Al^, 



CHAPTER V 


CONCLUSION r 

The brittle-ductile transition temperature of both 
single crystal and polycrystalline CuAl^ specimens 
prepared tbrou^ P/m route is around ,75 and for 
as cast sample, it is around ,77 l?m (lin melting 
point ) • 

Thus, the B.D.T, temperature is not sensitive to 
grain size variation. 

Introduction of mobile dislocations by a small 
prestrain has resulted in a lowering of B.D.T, 
temperature. 

Considerable strengthening is achieved through 
grain refinement over the temperature range 425 
to 575*C. 

The Hall-Petch relation is found to be valid over 
the whole temperature range upto 0,98 Bn, 

The flow stress is very sensitive to temperature 
like b,c.c. metals. 

The rate controlling mechanism for deformation is 
the Pelerls-Nabarro lattice frictional stress. 

The activation energy for flow is considerably 

higher than that for diffusion even at 575®C (0,98 

3 

and activation volume is below ^cb o 
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